Collisionally Activated Dissociation and Electron Capture Dissociation Provide Complementary Structural Information for Branched Permethylated Oligosaccharides  by Zhao, Cheng et al.
Collisionally Activated Dissociation and
Electron Capture Dissociation Provide
Complementary Structural Information for
Branched Permethylated Oligosaccharides
Cheng Zhao,a,b* Bo Xie,a* Shiu-Yung Chan,a Catherine E. Costello,a,b and
Peter B. O’Connora,b
a Mass Spectrometry Resource, Department of Biochemistry, Boston University School of Medicine, Boston,
Massachusetts, USA
b Cardiovascular Proteomics Center, Boston University School of Medicine, Boston, Massachusetts, USA
Doubly charged sodiated and permethylated linear malto-oligosaccharides ({Glc}6-{Glc}9),
branched N-linked glycans (high-mannose type GlcNAc2Man5-9, and complex asialo- and
disialylated-biantennary glycans) were analyzed by tandem mass spectrometry using colli-
sionally-activated dissociation (CAD) and “hot” electron capture dissociation (ECD) available
in a custom-built ESI FTICR mass spectrometer. For linear permethylated malto-oligosaccha-
rides, both CAD and “hot” ECD produced glycosidic cleavages (B, Y, C, and Z ions), cross-ring
cleavages (A- and X-type), and internal cleavages (B/Y and C/Y type) to provide sequence and
linkage information. For the branched N-linked glycans, CAD and “hot” ECD provided
complementary structural information. CAD generated abundant B and Y fragment ions by
glycosidic cleavages, whereas “hot” ECD produced dominant C and Z ions. A-type cross-ring
cleavages were present in CAD spectra. Complementary A- and X-type cross-ring fragmen-
tation pairs were generated by “hot” ECD, and these delineated the branching patterns and
linkage positions. For example, 0, 4An and
3, 5An ions defined the linkage position of the major
branch as the 6-position of the central core mannose residue. The internal fragments observed
in CAD were more numerous and abundant than in “hot” ECD spectra. Since the triply
charged (sodiated) molecular ion of the permethylated disialylated-biantennary N-linked
glycan has relatively high abundance, it was isolated and fragmented in a “hot” ECD
experiment and extensive fragment ions (glycosidic and complementary pairs of cross-ring
cleavages) were generated to fully confirm the sequence, branching, and linkage assignments
for this glycan. (J Am Soc Mass Spectrom 2008, 19, 138–150) © 2008 American Society for
Mass SpectrometryBiological carbohydrates constitute diverse typesof biopolymers playing various roles in cellularprocesses, such as energy storage (glycogen),
structural support (cellulose, chitin), signaling, protein
folding, targeting and turnover, and extracellular inter-
actions [1, 2]. Membrane associated carbohydrates are
generally in the form of oligosaccharides covalently
attached to proteins (glycoproteins) and or lipid (glyco-
lipids). O-glycosylation, which involves covalent at-
tachment of an oligosaccharide through an ether link-
age to a lipid or to a protein through the side-chain
oxygen in serine or threonine and N-glycosylation
through the side-chain amide nitrogen in asparagine,
are two key types of glycosylation. In cases of N-
glycosylation, a common pentasaccharide core [3] is
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doi:10.1016/j.jasms.2007.10.022attached to asparagine in the consensus sequence Asn-
X-Ser/Thr, where X may be any amino acid except
proline. “High-mannose”, “complex”, and “hybrid”
glycans, the three main classes of N-glycosylation, are
distinguished from one another on the basis of the
saccharide units that extend beyond the common core.
Unlike linear biomolecules such as DNA, RNA, and
proteins, carbohydrates can form complicated, highly
branched structures whose saccharide units are con-
nected to each other through a variety of linkage types.
Since even minor differences in linkage or branching
may have profound effects on the 3D conformation and
the biological activity, structural characterization of
carbohydrates requires determination of not only gly-
can residue sequence information, but also linkage and
branching information [4, 5]. Although exoglycosidases
are frequently used for sequence analysis, mass spectral
fragmentation is becoming more generally accepted as
there can be problems in obtaining exoglycosidases that
have sufficient purity and specificity, and mass spec-
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quality glycan and glycoconjugate MS/MS spectra
[6–10] from small amounts of material. Electrospray
(ESI) [11] and matrix-assisted laser desorption (MALDI)
[12, 13] are now the most popular ionization sources
used in carbohydrate structural analysis [14–17]. Fou-
rier-transform (FT) mass spectrometers using either ESI
or MALDI ionization sources, provide powerful instru-
mentation for structural analysis of carbohydrates due
to their superior resolving power and mass accuracy
[18, 19]. Furthermore, Fourier-transform mass spec-
trometers are highly flexible because MS/MS experi-
ments can utilize a variety of fragmentation techniques
that are applied both external to the ICR cell (such as
nozzle–skimmer collision ally activated dissociation
(CAD) [20], or Q2 CAD [6, 7, 21, 22], and within the ICR
cell (e.g., sustained off-resonance irradiation collision-
activated dissociation (SORI-CAD) [23, 24], infrared
multiphoton dissociation (IRMPD) [25], electron–cap-
ture dissociation (ECD) [26–29], and electron detach-
ment dissociation (EDD) [30–32].
The combination of ECD with CAD or IRMPD in
FTMS [33–36] can provide extensive and complemen-
tary information about biomolecule primary structure.
For N-glycosylated peptides, IRMPD [19, 25, 33, 37–39]
causes extensive cleavage of the glycosidic bonds while
CAD [40–42] also cleaves the peptide backbone and
ECD [26, 33, 37, 39, 43–46] cleaves the peptide backbone
without extensive dissociation within the glycans. Thus,
current literature suggests that IRMPD provides more
specific glycan sequence information.
In addition, the structural analysis of glycans can
also be achieved by fragmenting the glycans released by
chemical (e.g., hydrazine [47–49], NaOH, NH4OH), or
glycosidase [49, 50] treatment of the glycoprotein or
proteolytically generated glycopeptides. MS/MS exper-
iments on glycans generate fragments resulting from
glycosidic cleavages between the sugar rings and cross-
ring cleavages within the rings. Internal cleavages are
also generated from multiple glycosidic cleavages. The
glycosidic, internal, and cross-ring fragment ions can
provide sequence information, and cross-ring fragment
ions can also provide branching and linkage informa-
tion. Cross-ring fragment ions are mainly produced by
pericyclic retro-aldol and retro-ene mechanisms [51].
The nomenclature generally used for describing glycan
fragment ions is that introduced by Domon and
Costello [52] in 1988 (Supplemental Figure S1, which
can be found in the electronic version of this article);
ions retaining a charge on the nonreducing terminus are
named A (cross-ring), B, and C (glycosidic) whereas
those ions retaining a charge on the reducing terminus
are X (cross-ring), Y, and Z (glycosidic).
The product ion patterns of native glycan [M  H]
ions fragmented by CAD are relatively simple and not
particularly informative as CAD produces mainly B-, Y-
and B/Y internal cleavage ions. Cross-ring cleavage
ions are generally absent. An important complicating
factor is the appearance of rearrangement ions, partic-ularly from native glycans or glycans derivatized at the
reducing terminus [53–57]. High-energy CAD of native
glycans [51, 58, 59] cause some cross-ring cleavages but
most modern instruments cannot perform this experi-
ment. Fragmentation of [M  Li] and [M  Na] ions
from N-linked glycans produced a higher percentage of
cross-ring cleavage reactions than fragmentation of [M
 H] ions, [60–62], and Lebrilla [63–67] and Leary
[68–72] have extensively studied the fragmentation
patterns of metal adducted oligosaccharides under
CAD and IRMPD conditions with the general trend that
larger metals stabilize oligosaccharides—particularly
those containing sialic acid. In general, A-type cross-
ring fragments are present in CAD and IRMPD, though
they generally have fairly low abundances in the low-
energy spectra. The 0, 4An and
3, 5An ions from cleavage
within the central core mannose are usually present and
can be used to define the compositions of the individual
antennae attached to the core mannose. However, the
presence of many internal fragments produced by mul-
tiple pathways complicates spectral interpretation. Bud-
nik et al. [73] have compared ECD, EID (also known as
EIEIO [74]), and CAD on the sodiated penta 1,4-linked
N-acetylglucosamide (GlcNAc)5 and concluded that
EID was more effective than CAD but CAD resulted in
the complete series of 0,2An and
2,4An cross-ring ion
products. Upon further study of the spectra reported, it
seems highly likely that the results Budnik et al. [73]
reported were actually a combination of EID (vibra-
tional excitation by collision with an electron—without
electron capture) and “hot” ECD because the fragments
observed included odd-electron fragments commonly
observed with ECD. Studies including negative CAD
[75–77] and EDD [30–32] have shown that negative ion
tandem mass spectrometry of native glycans and gly-
cosaminoglycans provide more cross-ring cleavages
than positive ion mode.
As is well known, permethylation decreases the
extent of intermolecular hydrogen bonding and elimi-
nates facile dehydration, thus making glycans more
volatile and less susceptible to decomposition during
transfer to the gas phase. It also increases the hydro-
phobicity of glycans, so that the permethylated glycans
migrate to the surface of the electrospray droplets.
Surface molecules on the droplet have increased prob-
abilities to retain the charge when the droplet evapo-
rates, thus further increasing sensitivity [10, 17, 78, 79].
In this study, both CAD and “hot” ECD experiments
were performed on a series of sodiated and permethy-
lated glycans, to study their fragmentation patterns.
Samples included malto-oligosaccharides, high-man-
nose type N-linked glycans released from ribonuclease
B and asialo- and disialylated-biantennary N-linked
complex glycans from various sources.
Materials and Methods
Malto-oligosaccharides, the permethylation reagents
dimethyl sulfoxide, sodium hydroxide, and methyl
in re
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the reducing reagent sodium cyanoborohydride were
obtained from Sigma-Aldrich (St. Louis, MO). Ribo-
nuclease B and glycerol-free PNGase F were obtained
from New England Biolabs Inc. (Beverly, MA). Asialo
and disialylated biantennary complex N-linked gly-
cans were obtained from CalBiochem (San Diego,
CA).
Sample Preparation
All native glycans, malto-oligosaccharides, including
the maltoheptaose that was reduced by sodium cya-
noborohydride [80], high-mannose type N-linked gly-
cans released from ribonuclease B by PNGase F, and the
commercial samples of asialo and disialylated bianten-
nary complex N-linked glycans, were dissolved in
Me2SO and per-O-methylated by treating with pow-
dered sodium hydroxide with methyl iodide using the
method introduced by Ciucanu and Kerek [81] as
modified by Ciucanu and Costello [82]. The purified
and dried samples were dissolved in 60/40 (25 mM
aqueous NaOH)/(50% aqueous methanol) to a concen-
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A custom-built qQq-FT mass spectrometer with a nano-
spray source and 7T actively shielded magnet (Cryo-
magnetics Inc., Oak Ridge, TN) was utilized in this
study [6, 22]. The “qQq” front-end encompasses a
focusing rf-only quadrupole (Q0), followed by a resolv-
ing quadrupole (Q1), and a LINAC quadrupole colli-
sion cell (Q2) [83, 84]. Ions can be isolated in the mass
resolving Q1 and accumulated in Q2 before analysis in
the ICR cell. The instrument was designed to employ
several fragmentation methods, including Q2 collision-
ally activated dissociation (Q2 CAD) [6, 21, 22], electron
capture dissociation (ECD) [26–28], and sustained off-
resonance irradiation (SORI) CAD [23, 24]. The front-
end quadrupoles were controlled using the program
LC2Tune 1.5 (MDS SCIEX, Toronto, Canada), and the
program IonSpec99 (IonSpec, Lake Forest, CA) con-
trolled data acquisition in the ion cyclotron-resonance
(ICR) cell. For each analysis, the solution of permethy-
lated oligosaccharide (2–3 L) was loaded into a glass
capillary tip pulled with a micropipette puller (model
P-97; Sutter Instruments Co., Novato, CA) to 1 m
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connection. For Q2CAD experiments, the parent ions
were isolated by Q1, and were fragmented by low-
energy (40–80 eV) collisions with N2 gas in Q2. For
“hot” ECD experiments, the parent ions were isolated
in Q1 and externally accumulated in Q2 for 1000–2500
ms. After being transferred and trapped in the cylindri-
cal ICR cell, ions were irradiated with 5-14 eV electrons
from a 1.2 A heated dispenser cathode [85] for 200 to
1000 ms and were fragmented. The total pulse duration
for CAD and ECD experiments varied between 1000 ms
and 5000 ms and all data were analyzed without
apodization and with two zerofills to improve mass
accuracy. Other experimental parameters were reported
previously [6, 7, 22].
Results and Discussion
Sodiated and Permethylated Linear
Malto-oligosaccharides
The sodiated [M  2Na]2 molecular ions correspond-
ing to each of the permethylated linear malto-oligosac-
charide samples (Glc)6–(Glc)9 were detected by ESI-
Figure 2. (a) CAD MS/MS spectrum of permet
“Hot” ECD MS/MS spectrum of permethylate
fragment ions are sodiated except the ones labe
sodiated ions. The subscript x means = or , o
available in Supplemental Tables S4 and S9. G
cleavages are labeled in red, internal fragmentsFTMS. For each sample, the peak indicating the doublycharged sodiated molecular ion was isolated in Q1 and
fragmented by Q2 CAD. The fragmentation patterns of
(Glc)6–(Glc)9 are very similar to one another; the mal-
toheptaose (Glc)7 spectrum is shown as an example in
Supplemental Figure S2. Three types of product ions,
those resulting from glycosidic cleavages (B, Y, C, and Z
ions), cross-ring cleavages (A and X ions), and internal
cleavages (fully glycosidic, e.g., B/Y, C/Y, and mixed
glycosidic and cross-ring cleavages, e.g., A/Y, B/X
ions) were all observed in these spectra. Due to the high
symmetry of linear malto-oligosaccharides, Bn and Zn,
Cn and Yn,
0,2Xn and
2,4An  1 ions are isobaric. To
differentiate them, the maltoheptaose was reduced by
sodium cyanoborohydride. Figure 1 illustrates the
MS/MS spectra (CAD and “hot” ECD) of permethyl-
ated reduced maltoheptaose. Extensive fragmentation
was detected in the CAD experiment, and Y ions were
the most abundant type of product ions. Consecutive Y6
to Y2 ions defined the masses of the fragment ion series
and the 204.0998 Da mass increment between sequential
members of this series of high abundance peaks corre-
sponds to the mass of the permethylated hexose units
that form the oligosaccharide. The C/Y internal frag-
ed GlcNAc2Man5 [M  2Na]
2 m/z 801.386. (b)
NAc2Man5 [M  2Na]
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Table 1. CAD fragment ions observed from permethylated high mannose glycans
Man5 Man6
Man7
Man8 Man9Isomer1 Isomer2 Isomer3
Glycosidic
cleavages
Y2; Y3;
Y4= or 4 or 4;
B2; B3; B4
C2; C3; C4
Y2; Y3; Y3;
Y4= or 4 or 4;
B2; B2; B3; B4
C2C2; C3; C4
Y2; Y3 or 3; Y4;
Y4= or 4 or 5;
B2; B5; B2 or 3
C2 or 3; C2; C4
Y2; Y3; Y4= or 3;
Y5= or 4 or 4;
B2= or 2; B3; B5
C2= or 2; C3; C4;
W2=
Y2; Y3;
Y4= or 5 or 4;
Y4 or 3;
B2 or 2; B3; B5
C2 or 2; C3; C4
Y2; Y3; Y3;
Y4= or 4;
Y5= or 4 or 5;
B2= or 2; B3; B3; B5
C2= or 2; C3; C3
Y2; Y3; Y3; Y4= or 4 or 4;
Y5= or 5 or 5;
B2= or 2 or 2; B3; B3; B5
C2= or 2 or 2; C3; C3; C5
Cross ring
cleavages
0,4A3;
3,5A3;
3,5A4;
2,5A2-2H;
1,5A2-2H;
1,5A3;
0,3A3
0,4A3;
3,5A3;
3,5A4
1,5A2-2H
0,4A3;
3,5A3;
2,4A4 or
1,3A4
0,4A3;
0,4A4;
3,5A4
0,4A4;
3,5A4
0,4A3;
0,4A4;
3,5A4;
1,5A3;
2,4A4 or
1,3A4
1,3A3
0,4A3;
0,4A4;
3,5A3;
3,5A4;
1,5A2= or 2 or 2;
1,5A3;
2,4A3 or 3 or
1,3A3;
2,4A4 or
1,3A4
Internal
fragments
(Man)2–4;
(Man)2–4GlcNAc
(Man)3–5;
(Man)3–4GlcNAc
(Man)2–6; (Man)3–6GlcNAc (Man)2–6;
(Man)3–7GlcNAc
(Man)2–6;
(Man)4–6GlcNAc
Man7 Isomer 1 -D-Man-(1¡6)µ
-D-Man-(1¡6)µ
-D-Man-(1¡4)--D-GlcNAc-(1¡4)-GlcNAc-D-Man-(1¡3)´
-D-Man-(1¡2)--D-Man-(1¡2)--D-Man-(1¡3)´
Man7 Isomer 2 -D-Man-(1¡2)--D-Man-(1¡6)µ
-D-Man-(1¡6)µ
-D-Man-(1¡4)--D-GlcNAc-(1¡4)-GlcNAc-D-Man-(1¡3)´
-D-Man-(1¡2)--D-Man-(1¡3)´
Man7 Isomer 3 -D-Man-(1¡6)µ
-D-Man-(1¡6)µ
-D-Man-(1¡4)--D-GlcNAc-(1¡4)-GlcNAc-D-Man-(1¡2)--D-Man-(1¡3)´
-D-Man-(1¡2)--D-Man-(1¡3)´
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#(Glc)3-CH3OH is 621.2735 and the mass of
1, 5A3 is
621.3100, but they are easily differentiated by FTMS
(Figure 1a inset). “Hot” ECD provided cleavages simi-
lar to CAD but fewer peaks resulted from cross-ring
cleavages. These data agree with a previous report on
similar studies on linear oligoglycosamides and oligo-
glycosamines, which compared EID with ECD and
CAD [73], although likely the EID experiments reported
also showed considerable electron capture, as evi-
denced by the presence of odd-electron fragments.
Sodiated and Permethylated High-Mannose Type
N-linked Glycans
Ribonuclease B is a 15-kDa protein, with a heteroge-
neous, high mannose glycan, GlcNAc2Man5-9 (GlcNAc
 N-acetylglucosamine, Man  mannose), attached to
Asn34. The high-mannose glycans (GlcNAc2Man5-9)
were released from ribonuclease B by PNGase F and
permethylated. The [M  2Na]2 sodiated doubly
charged molecular ions from GlcNAc2Man5 to
GlcNAc2Man9 were individually isolated and frag-
mented in separate CAD and “hot” ECD experiments
(Supplemental Figures S3 and S4). Fu et al. [86] have
investigated the structures of all the high-mannose
glycan released from ribonuclease B (Supplemental
Figure S5) by 1H NMR and time-of-flight mass spec-
trometry and determined that the single isomer of
GlcNAc2Man5 accounts for 57% of the mixture. Our
result is consistent with their research and also indi-
cated that the GlcNAc2Man5 glycoform has the highest
abundance for ribonuclease B. Figure 2 shows the CAD
and “hot” ECD mass spectra of permethylated
GlcNAc2Man5. In the CAD spectrum (Figure 2a), B and
Y ions are the major products from glycosidic cleavage
and A-type ions are the major products from cross-ring
Sccleavage. The last series (0,4A3,
3,5A3, and
0,3A3) showthat the linkage position of the major branch is at the
6-position of the central core mannose residue. The B4
fragment, arising from cleavage within the core chito-
biose, is the most abundant B-ion, in agreement with
results obtained by Harvey et al. in high-energy CAD
experiments [51]. In addition, many abundant internal
fragment ions, which provide the branch composition
information, were observed. The loss of terminal man-
nose residues was always detected in CAD spectra. The
GlcNAc2Man6-9 fragmentation patterns are similar to
those of GlcNAc2Man5. Table 1 lists all the CAD frag-
mentation ions observed for GlcNAc2Man5-9; the cali-
brated masses of these observed peaks are available in
Supplementary Tables S4–S8. All tables contain the
masses of all observed monoisotopic peaks and the
assignments of those that could be determined. Unas-
signed peaks could be due to additional isomers or
rearrangements that occur prior or during fragmenta-
tion. B, Y, and a few C ions constitute the major series of
glycosidic fragment ions; A-type ions are the most
important cross-ring fragment ions, especially because
the 0,4An and
3,5An ions provide branching and linkage
information. Internal fragments including (Man)x and
(Man)yGlcNAc cleaved from two terminals also helped
to determine the branching patterns. For example, x is
3–5 and y is 3–4 for the fragments observed in the
spectrum of the GlcNAc2Man6 sample. GlcNAc2Man6
and GlcNAc2Man8 each have one dominant isomer,
although other isomers exist in the sample released
from ribonuclease B. GlcNAc2Man7, however, has three
isomers that have similar relative abundances and all
three isomers were detected in the sample by mass
spectrometry. The fragment 0,4A3 (709.3257 Da) indi-
cated the presence of isomer 1 (Table 1) while 0,4A4
(913.4249 Da) provided evidence for the presence of
isomer 2 and/or 3 (Table 1).
Like the CAD spectrum, the “hot” ECD spectrum of
1the GlcNAc2Man5 doubly charged sodiated molecular ion
Table 2. ECD fragment ions observed from permethylated high mannose glycans
Man5 Man6
Man7
Man8 Man9Isomer1 Isomer2 Isomer3
Glycosidic
cleavages
C1= or 1 or 1; C2; C3-2H;
C4-2H(2Na)
Z2; Z3; Z4= or 4 or 3;
Y1; Y2; Y3;
Y4= or 4 or 3(2Na)
B4
C1= or 1 or 1; C2-2H;
C2-2H; C3; C4-2H
Z2; Z3; Z4= or 4 or 4
Y1; Y2; Y3(2Na); Y3(2Na);
Y4=-2H or 4-2H or 4-2H
B2; B2; B4
C2-2H; C2-2H;
C4-2H;
Z2
C2= or 2-2H;
C4-2H;
Z2
C2= or 2-2H;
C4-2H;
Z2
C2= or 2-2H;
C4-2H;
Z2
C3; C3-2H;
C4-2H;
Z2
Cross ring
cleavages
0,4A2=(2Na);
0,4A3;
3,5A3;
3,5A5-H
1,5A2-2H;
1,5A3;
1,5A5-H
1,4A4-2H(2Na)
1,5X1;
1,5X2;
1,5X3;
1,5X4= or 4
0,4A2=(2Na);
0,4A3;
3,5A3
1,5A2-2H;
1,5A2;
1,5A3;
1,5A5-2H
2,4A2;
2,4A3 or
1,3A3
1,5X1;
1,5X2;
1,5X3;
1,5X3;
1,5X4= or 4 or 4
Internal
fragments
(Man)2–4;
(Man)(GlcNAc)2
(Man)2–5;
(Man)(GlcNAc)2
Man7 Isomer 1 -D-Man-(1¡6)µ
-D-Man-(1¡6)µ
-D-Man-(1¡4)--D-GlcNAc-(1¡4)-GlcNAc-D-Man-(1¡3)´
-D-Man-(1¡2)--D-Man-(1¡2)--D-Man-(1¡3)´
Man7 Isomer 2 -D-Man-(1¡2)--D-Man-(1¡6)µ
-D-Man-(1¡6)µ
-D-Man-(1¡4)--D-GlcNAc-(1¡4)-GlcNAc-D-Man-(1¡3)´
-D-Man-(1¡2)--D-Man-(1¡3)´
Man7 Isomer 3 -D-Man-(1¡6)µ
-D-Man-(1¡6)µ
-D-Man-(1¡4)--D-GlcNAc-(1¡4)-GlcNAc-D-Man-(1¡2)--D-Man-(1¡3)´
-D-Man-(1¡2)--D-Man-(1¡3)´
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cleavages. C and Z ions are the most abundant glycosidic
fragments and someC-2H ions also exist. For example, the
C3-2H ion is abundant, which was also observed for a
series of Cn-2H ions in the “hot” ECD spectra of complex
N-linked glycans (asialo- and disialylated biantennary
N-linked glycans, Figure 4 and Figure 6). In each case, the
abundant Cn-2H ions are observed next to a GlcNAc
residue, which can be explained by Scheme 1. Comple-
mentary X-type cross-ring fragments were observed in the
“hot” ECD spectrum. The presence of these fragments
establishes the sequence, branching pattern, and linkage
information. Internal fragment ions were also observed,
but fewer than were present in the CAD spectrum. Some
secondary fragment ions and losses that could be corre-
lated with the loss of small, even and odd electron neutral
fragments were also detected. As shown in Table 2, ECD
of GlcNAc2Man6 generated a fragmentation pattern sim-
ilar to that of GlcNAc2Man5 but the ECD efficiency was
relatively low for the [M  2Na]2 doubly charged
sodiated molecular ions of GlcNAc2Man7, GlcNAc2Man8,
and GlcNAc2Man9, and few C and Z ions were detected.
This low efficiency correlates well with observed trends in
peptides and is likely due to a combination of factors.
First, ECD efficiency typically scales with the square of the
charge state. Second, ECD efficiency is usually lower for
Figure 3. CAD MS/MS spectrum of a perme
2Na]2 m/z 1046.513. The cartoon structure s
expansion of the region m/z 743–785. The peaks l
several possible internal fragments is shown.
assignments of these peaks are available in Supp
in blue, cross-ring cleavages are labeled in red,larger molecules due to increased intramolecular nonco-valent bonding that prevents fragments from separating.
Third, heterogeneity in the isomers (as is known in
GlcNAc2Man7) would result in a greater distribution of
lower abundance fragment ions. Overall, CAD and “hot”
ECD experiments on high-mannose type glycans were
complementary since B and Y ions were detected in CAD
while C and Z ions were detected in “hot” ECD. In
addition, some complementary A- and X-type cross-ring
cleavages were observed in the “hot” ECD spectra of
GlcNAc2Man5-6. C/Z ions provide similar structural in-
formation to the B/Y ions, but the two ion pairs together
provide the additional information of the directionality of
the cleavages, similar to the complementary “golden
pairs” observed in CAD/ECD of proteins [87].
Sodiated and Permethylated Complex N-Linked
Glycans
The CAD and “hot” ECD experiments were performed on
the [M  2Na]2 doubly charged sodiated molecular ion
of a permethylated asialo-biantennary N-linked glycan
(Figure 3 and 4). In the CAD spectrum (Figure 3), exten-
sive and abundant internal fragment ionswere detected in
addition to B, Y, and A ions. Although these fragments
provide sequence and branching information, the exis-
ted asialo-biantennary N-linked glycan [M 
observed cleavages and the inset shows an
d with filled diamonds indicate that only one of
subscript x means  or . The masses and
ntal Table S11. Glycosidic cleavages are labeled
al fragments are labeled in green.thyla
hows
abele
The
lemetence of many internal fragment ions complicates the
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some masses 0,4A4 and
3,5A4 ions determine the linkage
position of the branch to be at the 6-position of the central
core mannose residue and confirm the branching compo-
sition. Compared with the CAD spectrum, the “hot” ECD
spectrum of this glycan provides more structural informa-
tion. More cross-ring fragment ions were observed in the
“hot” ECD spectrum and most of the A ions were accom-
panied by complementary X ions. C and Z ions were the
major glycosidic fragments detected in the “hot” ECD
spectrum and fewer internal fragment ions were present
compared with the CAD spectrum. Although the number
of monosaccharide units is the same as GlcNAc2Man7, the
“hot” ECD fragment coverage is much higher. Some
abundant fragment ions in the spectrum, notably the
cluster atm/z 1550–1625 are as yet unexplained, and hence
marked with a “?”. Additional research into the mecha-
nism of fragmentation of these molecules is ongoing in an
attempt to assign them.
Finally, CAD and “hot” ECD spectra of a permethy-
lated disialylated-biantennary N-linked glycan were
generated. Higher collision energy (60 eV versus 80 eV)
was required to fragment sialylated glycans to the same
extent as their asialo analogs, probably due to the
presence of additional noncovalent interactions which
Figure 4. “Hot” ECD MS/MS spectrum of a p
 2Na]2 m/z 1046.513. The cartoon structure
asterisks indicate electronic noise. The subscript
except the ones labeled with (H). The masses
Supplemental Table S12. Glycosidic cleavages ar
red, internal fragments are labeled in green.stabilize the molecule. ESI of the permethylated glycansavoided the extensive loss of sialic acids observed in the
MALDI mass spectra of native sialylated glycans [88–
91]. The methyl esterification that is introduced during
permethylation blocks the destabilizing interaction of
the carboxyl group with the adjacent glycosidic linkage
and therefore reduces desialylation. In the CAD exper-
iment (Figure 5), the [M  2Na]2 doubly charged
sodiated molecular ion was isolated and fragmented
and the fragmentation pattern was similar as that of the
asialo-biantennary N-linked glycan (Figure 3). Some B,
Y, and A ions were detected but extensive and abun-
dant internal fragment ions were also observed.
The “hot” ECD spectrum on this doubly charged
disialylated glycan was not useful due to low ECD
efficiency. However, the larger complex glycans, in-
cluding the sialylated glycans, in particular, often gen-
erate abundant peaks having higher charge states. In
this case, the [M  3Na]3 triply charged sodiated
molecular ion was relatively abundant and “hot” ECD
on this ion resulted in extensive fragmentation (Figure
6) providing much more structural information than
did CAD. In addition to C, Z, and some B, Y glycosidic
fragmentation ions, the products of many complemen-
tary A- and X-type cross-ring cleavages were observed,
and these confirmed the sequence and branching link-
thylated asialo-biantennary N-linked glycan [M
s observed cleavages. The peaks labeled with
eans  or . All the fragment ions are sodiated
assignments of these peaks are available in
eled in blue, cross-ring cleavages are labeled inerme
show
x m
and
e labages of this glycan. Interestingly, the B1
 ion (B1{H} in
147J Am Soc Mass Spectrom 2008, 19, 138–150 CAD AND ECD OF PERMETHYLATED OLIGOSACCHARIDESFigure 6) was noticeably abundant in the sialylated
glycan; this fragment ion has no sodium adducts, which
is surprising since the precursor ion was [M  3Na]3.
A possible mechanism for formation of this ion is
shown in Scheme 2. Also, the 0,4A5 ion confirmed the
branch linkage position. In addition, the successive
1,5X5/,
1,5X4/,
1,5X3/ confirmed the redundant se-
quences of the two branches.
Few papers have discussed ECD of sodiated pep-
tide or glycan ions [73, 92, 93]. Hudgins et al. showed
that ECD on peptides bearing alkali attachments
(Na or K) or fixed-charges generated alkali-at-
tached and fixed-charge analogs of the c and z ions
formed from the protonated peptides, and the au-
thors proposed that N–C bonds were cleaved by
direct dissociative electron attachment [92]. Williams
and coworkers performed ECD on cationized pep-
tides [M  2Li]2 and [M  2Cs]2 to produce di- and
monometalated analogs of the same c and z ions
observed from the [M  2H]2 [93]. In our study, all
the “hot” ECD experiments were performed on di- or
trisodiated molecular ions and the unstable, charge-
reduced molecular ions [M  2Na]2· or [M  3Na]3·
were not detected, although relatively abundant [M
 Na] or [M  2Na]2 ions were observed and can
be formed by loss a neutral sodium atom from the
charge-reduced molecular ions. Most of the fragment
Figure 5. CADMS/MS spectrum of a permethy
2Na]2 m/z 1407.686. The cartoon structure s
asterisks indicate electronic noise. All the fragme
The peaks labeled with filled diamonds mean on
The subscript x means  or . The masses
Supplemental Table S13. Glycosidic cleavages ar
red, internal fragments are labeled in green.ions (C, Z, cross-ring, and internal fragment ions)observed were sodiated except for a couple of B(H)
and A(H) ions detected in the spectra of asialo- and
disialylated-biantennary N-linked glycans. Such be-
havior is also observed in the high- and low-energy
CAD spectra of permethylated glycans and glycocon-
jugates.
Saccharide rearrangements happen often during
MS/MS experiments on protonated oligosaccharides
and glycoconjugates [57]. However, these rearrange-
ments are blocked by permethylation and/or cationiza-
tion, consistent with the data shown herein. Glycan
rearrangements have previously been observed for
ECD of glycosaminoglycans (I. Jonathan Amster, per-
sonal communication), which are not candidates for
permethylation because the derivatization conditions
would cause loss of the sulfate groups, whose numbers
and locations need to be preserved and determined to
establish structure/activity relationships.
Conclusions
CAD and “hot” ECD tandem mass spectrometry were
utilized in this research to analyze the structures of
glycans following their permethylation. Linear malto-
oligosaccharides ({Glc}6-{Glc}9) generated similar frag-
ment patterns in CAD and “hot” ECD. B, Y, C, and Z
glycosidic ions, A and X cross-ring ions and B/Y and
disialylated-biantennary N-linked glycan [M
observed cleavages. The peaks labeled with
s are sodiated except the ones labeled with (H).
e of several possible internal fragments is listed.
assignments of these peaks are available in
eled in blue, cross-ring cleavages are labeled inlated
hows
nt ion
ly on
and
e labC/Y type internal ions were all observed and could be
gree
148 ZHAO ET AL. J Am Soc Mass Spectrom 2008, 19, 138–150used to sequence the oligosaccharides. In contrast to
results obtained for the linear malto-oligosaccharides,
CAD and “hot” ECD experiments performed on
branched N-linked glycans provided complementary
structural information. The sequence information avail-
able for these glycans was confirmed by B, Y ions in
CAD and C, Z ions in “hot” ECD. The branching
patterns were determined by cross-ring cleavages (A-
type in CAD and complementary A and X pairs in “hot”
ECD). Internal fragments are particularly frequent in
Figure 6. “Hot” ECDMS/MS spectrum of a per
[M  3Na]3 m/z 946.121. The cartoon structure
asterisks indicate electronic noise. The peaks l
subscript x means  or . The inset shows an ex
ions are sodiated except the ones labeled with (
available in Supplemental Table S14. Glycosidic
labeled in red, internal fragments are labeled inSchemeCAD spectra but also occur in ECD spectra. The linkage
information for the branches was obtained from 0,4A
and 3,5A ions. In agreement with the literature [75],
higher collision energy was required to fragment per-
methylated sialylated glycans to the same extent as
their asialo counterparts, which is, perhaps, surprising
since the previous work was for negative ions, [75]
where it is not clear a priori, that the mechanism is the
same. The triply charged [M  3Na]3 molecular ion of
the permethylated disialylated-biantennary N-linked
ylated disialylated-biantennaryN-linked glycan
ws observed cleavages. The peaks labeled with
d with daggers indicate loss of CH3OH. The
ion of the region m/z 845–860. All the fragment
he masses and assignments of these peaks are
ages are labeled in blue, cross-ring cleavages are
n.meth
sho
abele
pans
H). T
cleav2
149J Am Soc Mass Spectrom 2008, 19, 138–150 CAD AND ECD OF PERMETHYLATED OLIGOSACCHARIDESglycan was abundant and was fragmented by the “hot”
ECD experiment, generating extensive product ions
(glycosidic and complementary pairs resulting from
cross-ring cleavages) to fully confirm the sequence,
branching, and linkage information of this glycan. Frag-
mentation of the larger high-mannose type glycans,
such as GlcNAc2Man7-9, by ECD is still difficult but may
be improved by activated ion ECD [94].
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